Uwakai of Japan is famous for pearl and yellowtail fish culture. Recently, pearl culture farming in that region has suffered from a low production of pearls. An illegal use of organotin antifouling paints on fishing nets was reported. In the line of pollution studies, thus, the present investigation was carried out to examine the contamination status and fate of organotin compounds. Totally, 23 water, 10 sediment and 8 pearl oyster tissue samples were analyzed for tributyltin (TBT), triphenyltin (TPT), and their breakdown products (di-and mono compounds) by gas chromatography combined with inductively coupled plasma mass spectrometry (GC/ICP-MS). The results show that the TBT concentrations in water, sediment and biota were in the range from 0.11 to 10.6 ng Sn l -1 , 0.35 to 2500 ng Sn g -1 , and 50.4 to 181 ng Sn g -1 , respectively. The values for sediment and biota are expressed on the dry-weight basis. Triphenyltin in water, sediment and biota were in the range from 0.009 to 0.108 ng l -1 , non-detect to 12.7 ng g -1 , and non-detect to 6.83 ng g -1 , respectively. Although the TBT concentration in seawater is below the tentative assessment level of 10 ng l -1 set by the Japanese Environment Agency in 1992, it may cause endocrine disruption/other effects in aquatic organisms. Octyltin compounds (mono-, di-and trioctyltin) were also quantified in seawater and sediment. The detection of dibutyldimethyltin (DBDMT) and tributylmonomethyltin (TBMMT) in sediment (methylated butyltins comprised 2.8 -31% of total butyltins), and TBMMT in seawater suggested that biomethylation of anthropogenic tributyltins is a significant transformation pathway in the coastal environment.
Introduction
Tributyltin and triphenyltin are synthetic chemicals used in antifouling paints to control the fouling organisms on boat and ship hulls and in aquaculture nets since the 1960s. TBT causes chronic and acute poisoning of most sensitive aquatic organisms, such as algae, plankton, molluscs and the larvae of some fish. 1 The pollution of aquatic system resulting from antifouling paints was first realized in the early 1980s and a partial restriction on the use of TBT and TPT-based antifouling paints was subsequently enacted in many developed nations, and particularly banned for aquaculture and boats less than 25 m in length. A complete ban on the use of TBT/TPT-based antifouling paints by 2008 was approved by Marine Environment Protection Committee (MEPC) of the International Maritime Organization (IMO).
In Japan, the sale and use of organotins has been regulated since 1990.
Bis(tributyltin)oxide (TBTO) as well as 7 triphenyl-and 13 tributyltin species have been designated as Class 1 and Class 2 Specified Chemical Substances, respectively, under the "Law Concerning the Examination and Regulation of Manufacture etc. of Chemical Substances". A restriction on TBT antifouling paints for boats and aquaculture nets was implemented in 1990, and completely banned (even for large ships) since 1995. In 1992, the Japanese Environment Agency set a tentative assessment level recommending that the concentration of organotins within 100 m from the source should be 100 ng l -1 or less and in other areas to be 10 ng l -1 or less.
Although many field data on environmental contamination by organotin compounds have been reported for seawater samples of Japan by the Japanese Environmental Agency since 1975 and others 2 (references given there), reports on the biomethylation of butyltins in the Japanese environment are scanty, except for a report on TBMMT in sediment from Ise Bay, eastern Japan. 3 There are still relatively few studies on the distribution and behavior of methylated butyltins in the marine environment around the world. [4] [5] [6] The present paper reports on the contamination status and the source of organotins in pearl/fish culture areas. Also have been determined the concentrations of methylated butyltins in natural environment (both water and sediment) using GC/ICP-MS.
Experimental

Study area and samples
The study area and sampling sites are shown in Fig. 1 , and other sample details are given in Table 1 . Seawater samples were collected from 17 sites on four occasions (April 24, and July 2, 3 and 27, 2000) in Uwakai region in western Japan (Lat. 32˚55′ -33˚20′; Long. 132˚15′ -132˚35′). Seawater samples were collected in precleaned glass bottles of 1800 ml capacity. The bottles were rinsed thoroughly with the sample water before acquisition. Surface sediments (10 samples) were collected from the same area (sites 1 -5 and 7 -11) using a grab sampler into clean polyethylene containers. Pearl oysters, Pinctada fucata martensi were collected at 6 locations (sites 7 -10, 12 and 13) and kept in clean polyethylene bags. All of the samples were brought to the AIST laboratory in Tsukuba under a cooled condition. Barnacles and algae attached on pearl oyster shells were removed and cleaned with tap water and Milli-Q water. The number of individuals collected at each site was between 9 and 24, and the animal size (length) and weight were measured. The soft tissues were removed and pooled site wise. Sediment and pearl oyster tissues were frozen at -30˚C, and water samples were kept at 4˚C in the dark until the chemical analysis.
Glassware, reagents and chemicals
The utmost care was taken in the glassware clean up so as to avoid contamination. Briefly, the glassware were first soaked in a 10% soap solution overnight, cleaned with distilled water, and kept in 10% HNO3 overnight. Then, the glassware were cleaned with distilled water, Milli-Q water and acetone (pesticide grade) serially, thoroughly dried in a clean room, and kept in clean polyethylene bags until use. The reagents used for the standard solution and sample preparation are described in previous papers. 7, 8 A 5% (w/v) aqueous solution of sodium tetraethylborate (NaBEt4) was prepared and purified. 7 Sodium chloride and anhydrous sodium sulfate were heated at 500˚C for 20 h to decompose organotin impurities. Tropolone (0.1% w/v) was freshly prepared in toluene for each batch of extraction and used without purification. Tripropyltin chloride (TPrTCl) was used as an internal standard for both sample preparation and GC/ICP-MS determination.
Certified reference materials (CRM), PACS-2 and CRM-477 for sediment and biota, respectively, from National Research Council of Canada and Community Bureau of Reference (BCR), and NIES No. 12 for sediment and NIES No. 11 for biota from the National Institute for Environmental Studies of Japan were used.
Sample preparation
Organotin compounds in seawater were extracted according to a method described in a previous paper, 7 with minor modifications. Briefly, 0.4 ml of acetic acid (1 + 1) and 2 ml of 1 mol l -1 acetate buffer were added to approximately 1000 ml of the sample in a narrow-neck Pyrex glass bottle, and the pH was adjusted to 5. Then, 100 µl of TPrTCl (5 µg l -1 ) as an internal standard and 2 ml of 5% NaBEt4 were added. Finally, 30 ml of n-hexane was added and stirred for 30 min using a magnetic stirrer with a Teflon rod. After extraction, Milli-Q water was gently added to recover the hexane layer inside the narrow neck. The hexane layer was collected by a Pasteur pipette in a glassstoppered centrifuge tube and mixed with 2 g of anhydrous Na2SO4 to remove traces of water. After centrifugation (2000 rpm for 2 min), the extract was transferred to a concentration tube and condensed to 1 ml by passing argon gas using a Turbovap II Concentration Workstation (Zymark, USA) at room temperature. The final extract was collected in a amber glass vial and kept in the dark at -20˚C until analysis by GC/ICP-MS.
Organotin compounds in sediment samples were extracted by an extraction procedure developed by the present authors 8 with some modifications. Briefly, 100 µl of TPrTCl (3 µg ml -1 ) as an internal standard was spiked to 1.5 g of wet sediment in a glass-stoppered tube. After 10 min, 2 g of NaCl, 12 ml of 0.1% tropolone-toluene and 10 ml of 1 mol l -1 HCl-methanol were added to the sediment and then extracted using a mechanical shaker for 60 min. After about 8 ml of Milli-Q water was added into the tube for phase separation and again shaken for 10 min, the tube was centrifuged at 2000 rpm for 2 min; the extract (toluene layer) was collected in another tube and condensed to 5 ml by passing nitrogen gas using a Reacti-Vap Evaporating unit (Pierce Model 18780, USA). After concentration, 5 ml of 1 mol l -1 acetate buffer at pH 5, 15 ml of Milli-Q water and 0.2 ml of 5% NaBEt4 were added to the extract, and shaken for 10 min for derivatization.
The upper organic layer containing the compounds of interest was collected in a tube after centrifugation, and 2 g of anhydrous Na2SO4 was added to remove the water. Finally, a portion of the final extract was Table 1 for site names).
transferred to a glass vial, and stored at -20˚C until analysis by GC/ICP-MS. The total carbon (TC) and inorganic carbon (IC) concentrations in sediments were quantified using a total organic carbon analyzer (TOC-V Series SSM-5000A, Shimadzu, Japan). The sediment organic carbon (OC) was calculated by subtracting IC from TC. Pooled pearl oyster tissues were homogenized using a homogenizer (Polytron PT 3100, Kinematica AG, Switzerland) at room temperature and were freeze-dried using a freeze dryer (FD-81, EYELA, Japan).
Chemical extraction by the microwave-assisted leaching/digestion method of Szpunar et al. 9 was adopted with some modifications. Freeze-dried tissues were ground with a pestle and mortar, and an aliquot of 0.2 g of finely powdered tissues was taken in a microwave digestion vessel, and 100 µl of TPrTCl (3 µg/ml) as an internal standard and 5 ml of 25% tetramethylammonium hydroxide (TMAH) solution were added and subjected to microwave digestion using a Microdigest 3.6 (Prolabo, France) (temperature: 100˚C; power: 60%; time: 3 min). After complete digestion, the extract was decanted into a glass-stoppered centrifuge tube. Then, 15 ml of Milli-Q water, 1 ml of concentrated acetic acid and 2.5 ml of 1 mol l -1 acetate buffer were added, and the pH was adjusted to 5. Finally, 5 ml of hexane and 0.2 ml of 5% NaBEt4 were added, and shaken for 10 min for derivatization. The tube was then centrifuged at 2000 rpm for 2 min, and the upper organic layer was collected in a separate tube with a Pasteur pipette. Anhydrous Na2SO4 (2 g) was added to the extract to remove any moisture, then centrifuged and finally a portion of the extract was collected in a glass vial, and stored at -20˚C until the analysis. Water, sediment and pearl oyster tissue samples were subjected for strict quality control procedures; a procedural analytical blank was run simultaneously with each batch of five samples to ensure that potential laboratory and reagent contamination could be excluded. Plastics were not used throughout the sample extraction in order to avoid possible contamination by plastic additives and stabilizers.
Measurement of GC/ICP-MS chromatograms
A gas chromatograph (HP 6890, Agilent, Wilmington, DE) equipped with PTV (programmed temperature vaporization) and pulsed splitless inlet systems was coupled to an inductively coupled plasma mass spectrometer (HP 4500, AgilentYokogawa, Tokyo, Japan) using a laboratory-made transfer line. A shield torch was operated under the normal plasma condition. Sample extracts were injected into the GC with an automatic injector (HP 6890 Series).
The PTV inlet system was used for water analysis, since the concentrations of organotins in seawater were so low that a large volume of extract was needed to get the sufficient signal intensities. On the other hand, a pulsed splitless inlet system was used for sediment and tissue analyses, since the concentrations were high enough and large amounts of concomitant substances loaded by the PTV method might cause a deterioration of the inlet and column performances. The optimum operating conditions of the PTV and pulsed spilitless inlet systems are given in Table 2 . Typical chromatograms of organotin compounds in sediment and pearl oyster tissue extracts are shown in Fig. 2 along with chromatograms of the standard solutions. All of the organotin compounds were well separated, and no severe interferences were observed from concomitant compounds in real samples. This demonstrates the superior detectability and selectivity of the present GC/ICP-MS measurement. The identification of each peak in sample chromatograms was carried out by comparing the retention time of the peak with that of the standard. The concentration of the analyte was calculated by comparing the peak area of the analyte with that of the internal standard (TPrTCl). The organotin concentrations given in this paper are expressed as tin, unless stated otherwise, and on a dry-weight basis for sediment and biological tissue.
Recovery, detection limit and method validation
Seawater samples spiked with 200 ng of each organotin species (butyl-, phenyl-, triprophyl-and tripentyltin) were processed as described previously. The recoveries of all organotin species were in the range between 95 and 105%, (Table 3) . Replicate analyses of spiked matrices also gave sufficient precision with good recovery and repeatability. The method detection limit was defined as the concentration that would give three times the standard deviation of the peak areas for six replicates of the blank. The detection limit of each organotin species in water, sediment and biota were in the range from 0.12 to 6.8 pg l -1 , 0.23 to 0.48 ng g -1 and 0.18 to 0.88 ng g -1 , respectively.
Results and Discussion
Organotin distribution in seawater
The concentrations of butyl-, phenyl-, octyl-and inorganic tin in seawater are given in Table 4 . From the results in Table 4 , the sampling sites were divided into two groups. One was the sites with elevated butyltin concentrations (sites 1 -5, 9, and 14 -15), and the other was the sites with lower levels. The former sites were located near the fish culture area. An illegal use of antifouling paints for fish culture has been reported by the media in the recent past. These facts suggest that the butyltins come from the TBT-based paints on fishing nets in fish culture. The fact that the TBT concentrations near to the bottom were lower than those at the surface (sites 9, and 13 -14) also supports that TBT mainly comes not from the sediment, but from the fishing net near the surface. The TBT levels recorded in the present study (0.10 -10.6 ng l -1 ) are comparable with those in polluted ports and bays (< 1.23 -12.3 ng l -1 ), 10 Osaka seaport (0.82 -13.5 ng l -1 ), 11 Tokyo Bay (0.4 -2.37 ng l -1 ) 12 and Otsuchi Bay (< 1.23 -7.78 ng l -1 ) 2 in Japan from middle to late 1990s, but much higher than those of the Seto Inland Sea 13 just located north of Uwakai, where the concentrations were below 1.0 ng l -1 . The levels were comparable with Atlantic seawaters of the French coast (1.4 -21.9 ng TBT l -1 ), but lower than Mediterranean seawater samples of the French coast (4.6 -99.3 ng TBT l -1 ).
14 Though the TBT levels are lower than the Japanese environmental tentative assessment level (10 ng l -1 ) in all of the samples (except one sample), they are high enough to cause some damage to the most sensitive aquatic organisms. Recently, Axiak et al. 15 found a significant digestive cell atrophy in bivalve Ostrea edulis in Mediterranean seawater samples at TBT levels as low as 10 ng l -1 .
The ratio of TBT to total butyltins (ΣBT) decreases over time because of bio-and photochemical degradations. Thus, the ratio can be used as an index of the residence time after input to the environment. The relatively high ratio of TBT/ΣBT (0.35 ± 0.17) and the low ratio of MBT/ΣBT (0.08 ± 0.08) observed in the present study suggests that relatively recent inputs were made in the Uwakai region. Almost a uniform distribution of phenyltin (mono-, di-and tri-) compounds was found in all of the samples, except at sites 4 and 5, where the monophenyltin (MPT) concentration was higher than that at the other sites. Mono-and dioctyltins were quantified in all of the samples except at site 7, but trioctyltin was measured in only 6 samples. Inorganic tin (acid leachable) concentrations varied from 0.019 (site 6) to 4.77 ng l -1 (site 13), and showed no relation between the concentrations of the total organotins.
Organotin distribution in sediment
The concentrations of butyl-, phenyl-, octyl-and inorganic tin are given in Table 5 , along with three unknown species. The concentrations of butyl-, phenyl-and trioctyltins detected at sites 1 -5 were much higher than those at sites 7 -11. Tetrabutyltin and three unknown species were detected only at sites 1 -5. Tetrabutyltin was presumed to be an impurity of TBT-antifouling paint, but the source of other three unknown species could not be elucidated. The former sediments (1 -5, except 2) are generally fine, silty-clay and black in color with relatively high organic carbon content (Table 5 ), but the latter sediments (7 -11) are sandy with lots of broken molluscan shells. Since organotin compounds are generally hydrophobic, they are presumed to easily adsorb onto suspended particulate matter (SPM) with high organic carbon content.
The relationship between the total organotin concentration and the organic carbon content in sediment is illustrated in Fig. 3 , using Table 5 . A good correlation between them was observed, as was expected. It was also found that the TBT concentrations became higher than its degradatives (DBT and MBT) in the sediments with a high organic content (sites 1 -5), but the degradatives became higher than the parent compound (TBT) in sandy sediments (sites 7 -11). This is probably because tri-substituted organotin compounds, such as TBT and TPT, adsorbed onto the organic-rich sediments mainly with a hydrophobic interaction, but mono-substituted organotin compounds, such as MBT and MPT, adsorbed onto sandy sediments, not only with a lesser hydrophobic interaction, but also with a stronger electrostatic interaction. A certain trend on octyltin distribution in water and sediment was also observed. In water, the concentration of MOT was higher (1 -2 order magnitude) than that of TOT, but this was opposite in sediment. This trend can be explained by the assumption that a hydrophobic interaction predominantly rules the adsorption behavior in the case of octyltins; a more hydrophobic compound, like TOT, was easily transferred from water to sediment. Similar distribution patterns were observed by us in water samples of Seto Inland Sea 13 and in Indian harbor. 16 These results show that the fate of the organotin compound in the marine environment largely depends on the adsorption characteristics onto the SPM and its scavenging effect in seawater.
The TBT concentrations (0.35 -2500 ng g -1 ) in sediment in Uwakai were higher than those in Otsuchi Bay (2.29 -33.6 and 4 -262 ng g -1 ), 2, 17 Yokkaichi Port (29 -98 ng g -1 ) 10 and Osaka Bay (49 -180 and 0.82 -395 ng g -1 ) 10,11 of Japan. The concentrations were also higher than those in coastal mariculture sites, Thailand, where Kan-Atireklap et al. 18 recorded MBT, DBT and TBT with concentrations ranging from 4.7 to 51.7, 1 to 10.7 and 1.64 to 33.2 ng ion g -1 , respectively, but lower than those in European water, where Tselentis et al. 19 reported about 1400 ng g -1 at an aquaculture site and about 10000 ng g -1 in the Piraeus harbor of Greece.
Biselli et al. 20 also reported a very high concentration of TBT (570 -17000 ng TBT g -1 ) during 1997 -1998 in Baltic Sea marinas. The TPT concentrations in sediment, varying from 0.47 to 12.7 ng g -1 , were very low compared to those reported in Europe. Tselentis et al. 19 recorded about 75 ng g -1 in coastal sediments in Greece. In Baltic Sea marinas, Biselli et al. 20 quantified < 17 -3800 ng TPTCl g -1 .
Organotin distribution in pearl oyster
The concentrations of butyl-and triphenyltin in pearl oyster, Pinctada fucata martensi, and their biconcentration factors (BCFs) are given in Table 6 . TBT and DBT residues were found in all samples, respectively ranging from 50.4 to 181 and from 10.7 to 64.2 ng g -1 , but MBT (max 7.71 ng g -1 ) and TPT (max 6.83 ng g -1 ) were measured with an order of magnitude lower concentrations only in some samples. The butyltin concentration was comparable to those in the Gulf region, where de Mora et al. 21 reported on the TBT concentration in pearl oyster, Pinctada radiata from Abu Dhabi, UAE (196 ng g -1 ) and Askar, Bahrain (150 ng g -1 ). Entirely different distribution patterns of TBT and TPT were reported in Mediterranean seawater. Borghi and Porte 22 reported a very high concentration of TPT (1430 ± 63 ng g -1 wet weight) in the livers of deep sea fish Mora mora, which was two orders of magnitude higher than that of TBT in the same sample. Similarly, Shim et al. 23 quantified very high concentrations (155 -678 ng g -1 ) of TPT in Pacific oysters from Chinhae Bay, an intensive shell-fish farming area in Korea; the concentration was very close to that of TBT. The octyltin residue was not detected in the present study.
BCFs are generally useful in comparing the bioaccumulation potential of organisms whose main route of uptake is from water. 24 Also, it is a useful ratio, which indicates the partitioning between water medium and animal tissue, governed by the balance between the rates of uptake and elimination. Though the concentrations of TBT determined in the present study were lower than those of DBT in seawater, elevated TBT concentrations found in pearl oyster tissue collected from the same area demonstrated an active uptake, or poor elimination, of this compound by them. The BCF calculated for TBT in pearl oyster, varying from 25000 to 1790000 in this study, are comparable to some literature values, i.e. 133000 for the clam Mya arenaria; 25 6700 -260000 for the bivalve Dreissena polymorpha 26 and 900000 for the bivalve Dreissena polymorpha. 27 The BCFs vary considerably from species to species, but generally, molluscs (bivalves) exhibit high BCFs, varying from 10000 to 100000, because of a lack of TBT metabolizing capacity. 28 Mono-substituted organotins, like 50 ANALYTICAL SCIENCES JANUARY 2004, VOL. 20 Table 5 Organotin concentrations (ng g MBT, which showed a high accumulation into sediment, did not show a high accumulation into biota. This might be because the strong ionic property of the mono-substituted organotins plays an important role in adsorption onto SPM, but hinders the penetration through the cell membrane of the biota. Since only a small difference of BCF was observed among different pearl oyster species collected at the same site, the bioconcentration potentials of these species are speculated to be almost the same. A higher BCF was obtained for pearl oyster collected at sites where organotin concentration in seawater was lower. In other words, the organotin concentrations in the biota increased up to almost the same order of magnitude in spite of the large difference in the seawater concentrations, varying by approximately two orders of magnitude.
The BCF for TBMMT was not obtained because the concentration of TBMMT in the biota was below the detection limit, in spite of the high TBT concentration. This suggests that the biomethylation of TBT does not occur in the pearl oyster, itself, and probably already methylated TBT, i.e. TBMMT is transferred from seawater. Most of the pearl oysters analyzed in the present study were collected from sites with very low concentrations of TBMMT in seawater. To calculate BCF for TBMMT, the analysis of pearl oyster samples from sites with higher seawater concentrations will be needed.
The rate at which organotins build up, or are lost in organisms, is a function of the input rates and subsequent removal through metabolic degradation. The ratio of the concentrations of TBT to those of its degradation products is often used as an indication of degradability in organisms. 29 The higher TBT/(DBT+MBT) ratio of 3.47 (2.38 -6.03) found in the present investigation reflects the recent input of TBT to the environment and/or the lower metabolic conversion of TBT in the pearl oyster.
Biomethylation of butyltins
The ultimate fate of butyltins involves the biological activity as well as the physical and chemical reactions. The attachment of a methyl group to a metal(oid) changes the chemical and physical properties of that element, which in turn influences the toxicity, mobility and geochemical cycling. 30 Methylated tin species are less toxic to aquatic organisms than the equivalent butyltin/phenyltin species, but the toxicities of those mixed butylmethyltin compounds are still unknown. Very few investigations on the biomethylation of butyltins in the environment and the biogeocycle of methylated butyltins have been carried out.
In the present investigation, tributylmonomethyltin (TBMMT) and dibutyldimethyltin (DBDMT) were measured. The concentrations of methylated butyltins in seawater and sediment are given in Tables 4 and 5 , respectively. The concentration of TBMMT in seawater varied from non-detect to 2.39 ng l -1 , detected in 13 among 23 samples. In sediment, TBMMT and DBDMT were recorded in 6 and 3 samples, respectively, among 10 samples analyzed, and varied from non-detect to 1460 and non-detect to 60.5 ng g -1 , respectively. The concentration of TBMMT was higher than that of DBDMT by one to two orders of magnitude. Dibutylmonomethyltin (DBMMT), which is considered to be an intermediate compound from DBT to DBDMT, was not detected in seawater and sediment.
The concentrations of methylated butyltins in Uwakai were compared with those in the world environment (Table 7) . Maguire 4 measured DBDMT and TBMMT for the first time in sediments from harbors and a river mouth from Canada. Maguire et al. 5 quantified DBDMT and TBMMT in surface water samples from Canada with very high concentrations up to 110 ng l -1 and 310 ng l -1 , respectively. They detected TBMMT and MBTMT, but did not detect DBDMT in the sediment. Amouroux et al. 6, 31 measured volatile MBTMT, DBDMT and TBMMT in surface water samples from Gironde, Rhine and Scheldt estuaries, and in surface water and sediment from the Arcachon harbor and Scheldt estuary by purge, cryogenic trapping, gas chromatography with inductively coupled plasma mass spectrometry detection (CT-GC/ICP-MS). They found the following order in concentration: TBMMT > DBDMT > MBTMT. In our study, MBTMT and DBDMT in seawater were not detected. This is not only because their concentrations were very low, but also because they might be lost during the condensation step in sample preparation and/or during solvent venting in the PTV method. Similarly, MBTMT in sediment might be lost during extract condensation in sample preparation. Therefore, the precise analysis was limited to TBMMT in seawater and TBMMT and DBDMT in sediment in the present paper.
In the sediment of Uwakai, the methylation ratio of TBT (TBMMT × 100/TBT) varied from 15 to 115% and the dimethylation ratio of DBT (DBDMT × 100/DBT) varied from 3.8 to 6.3%. As a result, methylated butyltins (TBMMT + DBDMT) resulted in 2.8 -31% of total butyltins in sediment. On the contrary, TBMMT in seawater resulted in only 0.05 -6.8%, with one exceptionally high value of 12.5% (site 4), of total butyltin concentration.
Amouroux et al. 6 mentioned that the methylation of TBT was more efficient, or the TBMMT lifetime was longer than other species for all types of sediments and contaminated sites, although the methylation ratio of TBT in Arcachon harbor and Scheldt estuary sediments were only 0.001 -0.009, and 0.094 -0.16%, respectively. The present study supports that the methylation of TBT is more efficient than that of DBT. On the other hand, Maguire et al. 5 reported a quite opposite methylation ratio, that is, the TBT methylation and DBT dimethylation ratios varied by 4 -17% and 19 -124%, respectively, in harbor and river sediments. The larger methylation ratios observed in the present study indicate a higher rate of biomethylation in sediment from the pearl/fish culture environment when compared to harbor (Arcachon, France) 6 and estuary (Scheldt, Belgium/Netherlands), 6 but they were lower than those in the harbor sediments of tropical India (Chennai harbor: average methylation ratio, 107%). 16 Metal(oid) biomethylation is exclusively carried out by microorganisms, and anaerobic bacteria are thought to be the 51 ANALYTICAL SCIENCES JANUARY 2004, VOL. 20 3 such natural derivatization pathways may lead to the formation of fully substituted and volatile tin compounds in the aquatic environment. 6 The present study also demonstrates that biomethylation (average TBMMT/TBT ratio in sediment at sites 1 -5 was 0.52) is an important transformation pathway in sediment next to the debutylation of TBT (average DBT/TBT ratio in sediment at sites 1 -5 was 0.74).
Positive correlations were found between the TBMMT and TBT concentrations (R2 = 0.937) and between DBDMT and TBMMT (R2 = 0.992) in sediment, as shown in Fig. 4 . However, no correlation was observed between TBMMT and TBT in seawater. It was found that the TBMMT concentration in seawater was high at sites where the concentration in the underlying sediment was high, or where the sampling distance from the sediment was short. These facts support that the methylation of TBT and DBT takes place in sediment, and that methylated butyltins are released into the overlying water column. Sarradin et al. 32 and several others reported that the half-life of TBT in sediment was several years. Thus, the distribution of butyltins and methylated butyltins from sediment into aquatic environment will be possible for a relatively long period by natural resuspension and leaching, even though there will be no fresh input.
Conclusion
Though the levels of organotins recorded in the present investigation were much lower than those reported for the European environment, 14, 19, 20, 22 the TBT levels in water were above the toxicity threshold limit of 1 ng l -1 (8 among 23 samples). An in vivo study indicates that both TBT and DBT caused immunomodulations in the blue mussel within 4 days of exposure at 1 ng l -1 , and it was also possible for other bivalves to be affected at this concentration. 33 They determined the lowest observable effect level (LOEL) for the immune system of the same species as < 1 ng l -1 . Moreover, TBT residues recorded in pearl oyster tissues (50 to 181 ng g -1 ) were very much higher than the reported values of the estimated effective concentration of 8 -40 ng g -1 wet weight, based on the chronic toxicity end points in molluscs. 34 Horiguchi et al. 35 suggested that organotin compounds are one of the factors for the decline of giant abalone, Haliotis madaka population in Jogashima in Japan. The higher organotin concentrations in pearl/fish culture area in Uwakai could have rendered the organisms more susceptible to pathogens, infections or other diseases. Hence, appropriate regulatory measures and continuous monitoring are the foremost important steps to be taken to restore the marine/coastal water quality in Uwakai, Japan. Further research on toxicity studies to understand the effects of organotins on pearl development and quality is warranted.
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